Abstract: Bird song is used for mate attraction and is important for establishing reproductive isolation. Current research highlights performance constraints on song production that may be influenced by variation in bill morphology. Darwin's finches are a model system for studying the relationship between morphology and song performance, with previous studies suggesting that lower vocal performance is correlated with larger bill size. Here, we tested for a relationship between bill morphology and vocal performance in Darwin's Small Tree Finch (Camarhynchus parvulus) on Floreana Island. We found no evidence of a correlation between bill morphology and vocal performance. This finding is in agreement with prior study of the Small Tree Finch, but contrasts a greater body of work addressing song in Darwin's Finches. We discussed our findings in the context of ecological divergence, and ecological variation across species.
Bird song has received attention for its role as a mating signal, and thus for its potential to contribute to reproductive isolation and the speciation process (e.g. Irwin, 2000; Huber & Podos, 2006; Seddon & Tobias, 2007) . A growing body of research highlights the links between morphological variation and song variation, suggesting that divergence in morphological traits that have ecological significance (e.g. bill morphology) may also influence song divergence (Palacios & Tubaro, 2000; Podos, 2001; Ballentine, 2006; Huber & Podos, 2006) . While bird song is produced when air passes over the syrinx causing vibration of the tympaniform membranes; the size, shape, and movements of the vocal tract play a significant role in filtering harmonic overtones resulting in the characteristic pure tone sound of birdsong (Nowicki, 1987; Westneat et al, 1993; Beckers et al, 2003) . For each sound frequency produced, there is an optimal configuration of the vocal tract, and thus the vocal tract must be reconfigured for each change in frequency (Nowicki, 1987) . Because of this need to reconfigure the vocal tract, in birds with trilled song there is a tradeoff between the range of frequencies that can be produced (frequency bandwidth) and how fast a bird can sing (trill rate) (Podos, 1997) . At slower trill rates, there is greater opportunity for movement of the vocal tract and hence a greater range of frequencies may be produced. In contrast, at faster trill rates there is less time for vocal tract reconfiguration, resulting in a narrow frequency bandwidth. For a given trill rate, there is an upper limit or optimum bandwidth that can be produced (Fig. 1) . Songs that are close to this upper limit are deemed as being of high vocal performance, while songs that are distant from this upper limit are deemed as being of lower performance (Podos, 1997) .
Vocal performance has been examined in a range of songbirds, with studies suggesting it can be linked with male quality (e.g. Ballentine et al, 2004) , and also constrained by morphology (e.g. Podos, 2001 ). Interestingly, a study of eight species of Darwin's finches demonstrated a correlation between bill morphology and vocal performance such that larger billed and larger bodied species had lower levels of vocal performance (Podos, 2001) . Similarly, vocal performance was correlated with bill morphology at the intraspecific level in the Medium Ground Finch (Geospiza fortis), with larger billed individuals having lower vocal performance (Podos, 2001) . In contrast, in a population of Darwin's Small Tree Finch (Camarhynchus parvulus) on Santa Cruz Island vocal performance was not correlated with bill morphology (Christensen et al, 2006) . Fig. 1 Tradeoff between trill rate (Hz) and frequency bandwidth (kHz) in the Small Tree Finch on Floreana Island The performance limit is represented by the upper bound regression calculated by Podos (1997) for all Emberizidae (y =−0.124x+7.55). Vocal performance is measured as the orthogonal deviation from the upper limit.
Darwin's finches are an appropriate group in which to examine the role of bill morphology in constraining song as they have a broad variation in bill morphology both within and across species. In addition, song functions in mate choice hence understanding patterns of song variation can be useful in understanding patterns of mate choice. Here, we examine the relationship between bill morphology and vocal performance in the Small Tree Finch on Floreana Island. Previous studies of Darwin's Finches predict clear correlations between bill size and vocal performance such that larger billed birds will have lower vocal performance (even at the intraspecific level) (Podos, 2001; Podos & Nowicki, 2004) . However, given previous findings suggesting no correlation between vocal performance and bill size in the Small Tree Finch on Santa Cruz Island (Christensen et al, 2006) , in this study we predict no correlation between bill size and vocal performance.
Materials and Methods

Morphology
The Small Tree Finch is a socially monogamous species, which occurs preferentially in the moist highland forest of the Galapagos Islands. We worked across the breeding seasons of 2004 (12−19 February), 2005 (1−19 February) and 2006 on Floreana Island. Our study site was approximately 2ha and was located in the highland forest at the base of Cerro Pajas (001º17'S, 090º27'W).
We undertook widespread mistnetting in all years, and each captured individual was given a unique combination of color bands and a numbered aluminium band. We took the following morphological measurements using dial calipers: (1) bill length (from the anterior edge of the nare) (mm), (2) bill depth at base (mm), (3) bill width at base (mm), and (4) tarsus length (mm). (5) Wing length (mm) was measured using a wing ruler.
Song recording
Small Tree Finch song is simple, consisting of one note or syllable that is repeated (Bowman, 1983; Podos, 2001 ; Fig. 2 ). We have not observed different song types within the study population, and a previous study of the Small Tree Finch on Santa Cruz Island demonstrated no annual variation in an individuals song characteristics (Christensen et al, 2006) . Song recordings were made using a Sony DCD-100 DAT Recorder and Sennheiser ME 80 Directional Microphone. Recordings were obtained systematically at nests and opportunistically for colour banded males throughout the study site (n=15). In this study we analyzed 5-10 individual songs per male depending on the male's singing intensity, which influenced the number of quality recordings we obtained for each male. Songs were edited using Peak 4.11 (Bias Inc. Software) to select the best field recordings.
Vocal performance
Vocal performance is defined by the tradeoff between the speed of song production (trill rate), and the range of frequencies that can be produced (frequency bandwidth). Thus, it is measured as the orthogonal deviation from an upper performance limit defined by this tradeoff (Fig. 1) . To determine vocal performance, we first calculated trill rate. Using Raven 1.2 for MacOSX (Cornell Bioacoustics program, Ithaca, NY, USA, Charif et al, 2004) we calculated the length of the syllable plus intersyllable interval. Trill rate (Hz) is the number of syllables per second, and was calculated by dividing 1 by the length of the syllable plus intersyllable interval.
Frequency bandwidth (kHz) was determined using Canary 1.2.4 for MacOS9 (Cornell Bioacoustics program, Ithaca, NY, USA, Charif et al, 1995) . Frequency bandwidth was defined as the range of frequencies with amplitudes within 24dB of the frequency with peak amplitude. This criterion is thought to include all the relevant elements of the acoustic signal while excluding unnecessary background noise (Staicer, 1996; Podos, 1997; Hoese et al, 2000) . We noted the lowest and highest frequencies (kHz) within the 24dB range and then calculated the difference between these to determine frequency bandwidth. The mean of each song parameter (frequency bandwidth, trill rate) was calculated for each individual and these values were used in subsequent calculation of vocal performance.
We plotted frequency bandwidth as a function of trill rate (Fig.1) in accordance with standard methods (Podos, 2001; Ballentine et al, 2004; Beebee, 2004) . To define the upper performance limit, we used the upper bound regression determined by Podos (1997) for the family Emberizidae (Fig. 1) . As Darwin's finches (Geospizinae) are phylogenetically nested within the emberizids, the use of this limit is appropriate (Podos, 2001) . We then calculated the orthogonal deviation of each data point (song) from the upper bound regression (Fig. 1) . This "vocal deviation" is a measure of vocal performance -songs with greater deviation from the upper limit have lower vocal performance, while those close to the upper limit have high vocal performance.
Statistical analyses
All statistical analyses were undertaken using SPSS 13.0.0 for Mac OSX. We used tarsus length and wing length as independent variables in regression analyses to test for correlations between body size and each bill morphology variable. The body and bill size variables were also used as independent variables in regression analyses to test for correlations between morphology and vocal performance.
Results
Bill and body morphology
Means±SD of morphological variables are shown in Tab. 1 for: (1) all banded individuals in the study population, and (2) individuals included in analysis of morphology and vocal performance. Using data for all banded small tree finches on Floreana Island (n=125), we found significant correlations between body size (tarsus length and wing length) and all bill size variables (bill length: R=0.24, F=3.83, P=0.02; bill depth: R=0.36, F=9.03, P<0.01; bill width: R=0.47, F=17.24, P<0.01) . Given the strong correlations between body and bill size, we regressed each bill variable onto tarsus length (as an indicator of body size) and used the residuals of these regressions in subsequent analyses of vocal performance in relation to morphology.
Song and morphology
Means±SD of trill rate, frequency bandwidth, and vocal performance for the 15 Small Tree Finches included in this analysis are shown in Tab. 1. We found no significant correlations between either tarsus length or wing length, and vocal performance (n=15; tarsus length: R=0. 29, F=1.20, P=0.30; wing length: R=0.15, F=0.28, P=0.61) . There were no significant correlations between vocal performance and any of the individual bill variables (n=15; bill length: R=0. 16, F=0.33, P=0.58; bill depth: R=0.34, F=1.67, P=0.22; bill width: R=0.23, F=0.71, P=0.42) . Similarly, there were no significant correlations between any of the bill size residuals (to control for the non-independence of bill and body size) and vocal performance (n=15; bill length residual: R=0.12, F=0.20, P=0.66; bill depth residual: R=0.31, F=1.34, P=0.27; bill width residual: R=0.48, F=3.89, P=0.70) .
Tab. 1 Mean±SD and range of morphology and song variables for the Small Tree Finch on Floreana Island
Individuals for song analysis (n=15 Morphology variables are shown for all banded individuals (n=125) and for the subset of individuals used in analyses of song and morphology (n=15). Summary statistics of song variables are calculated for the 15 individuals used in the analyses in this paper.
Discussion
In the context of divergence and speciation, there is growing interest in the role of morphology in influencing song characteristics. In most models of speciation, a common challenge is connecting the buildup of ecological divergence with reproductive isolation (Schluter, 2000; Coyne & Orr, 2004; McKinnon et al, 2004) . However, if mating signals (such as bird song) diverge as a byproduct of divergence in ecological traits (such as the bill), then this challenge is largely overcome (Schluter, 2000; McKinnon et al, 2004 ).
Darwin's finches are well known for the diversity of bill form and function displayed within the group. Long-term studies of the ecology and evolution of Darwin's finches have highlighted the role of natural selection in shaping bill morphology, and have greatly informed current understanding of evolutionary theory (Grant, 1999; Grant & Grant, 2008) . In particular, in Darwin's Ground Finches, there are well-studied correlations between bill size, and the size and hardness of seeds a bird can consume efficiently (reviewed in Grant, 1999; Grant & Grant, 2008) . Given the diversity of bill morphology and function in Darwin's Finches, it is not surprising that recent study has also focused upon the role of bill morphology in influencing song characteristics. Podos (2001) first demonstrated a correlation between bill size and vocal performance across eight species of Darwin's Finches such that the larger billed species had lower vocal performance. In this same study, vocal performance was correlated with bill morphology in a population of the Medium Ground Finch, and again larger billed individuals had lower vocal performance (Podos, 2001) . Further study of the Medium Ground Finch has also provided evidence that vocal performance is 'constrained' by bill morphology in this species (Huber & Podos, 2006) . In contrast to these studies, here, we found no evidence of a correlation between vocal performance and bill morphology in the Small Tree Finch on Floreana Island. This finding is in agreement with previous study of the Small Tree Finch on Santa Cruz Island, where there was also no relationship between bill morphology and vocal performance (Christensen et al, 2006) . On Santa Cruz Island, male Small Tree Finches that sang songs with higher vocal performance had greater pairing success suggesting that vocal performance may be an indicator of male quality (Christensen et al, 2006) . Vocal performance has also been linked with indicators of male quality, or with female choice in other songbirds (e.g. Ballentine et al, 2004) . However, there is insufficient data available for the Small Tree Finch on Floreana Island to assess the role of male vocal performance in pairing success or as an indicator of male quality.
The mixed results of studies of vocal performance and bill morphology in Darwin's Finches may be explained by the variation in foraging modes within the group. Darwin's Ground Finches are primarily granivorous, and it is within this group that there is the strongest evidence for a role of bill morphology in constraining vocal performance (Podos, 2001; Huber & Podos, 2006) . In contrast, Darwin's Tree Finches are primarily insectivorous, and thus far there is little to no evidence for a role of bill morphology in constraining vocal performance (Christensen et al, 2006; Christensen & Kleindorfer, in prep.) . Granivory and insectivory require different and specialized bill morphology and musculature, and these differences may result in a differing correlation between bill morphology and vocal performance with the Ground versus the Tree Finches (Podos & Nowicki, 2004) . Further study of song and morphology in Darwin's Finches may provide greater insight in the role of bill morphology in constraining song production.
